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(57) Abstract: Apparatus for 
recovering clock pulses of 
wavelength division multiplexed 
optical signals in a return -to-zero 
format passed therethrough. 
The apparatus comprises an 
optically-pumped laser cavity (3, 
9) defining a cavity length and 
comprising a nonlinear medium 
(3) pumped at a wavelength 
selected to give efficient 
parametric amplification within 
said medium. The cavity length 
corresponds to an integer multiple 
of bit periods of at least one of the 

multiplexed optical signals. The optical signals co-propagate through the medium with the pump radiation. The apparatus further 
comprises an optical path for recirculating a proportion of the output from the laser cavity back through the laser cavity. In this way, 
idler waves are generated symmetrically about the pump wavelength by four- wave mixing with the at least one of the multiplexed 
optical signals and recirculated through the laser cavity to be amplified by parametric amplification in order to recover wavelength 
division multiplexed clock pulses. An additional amplifier may be provided to compensate cavity losses. 
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RECOVERY OF CLOCK PULSES OF WAVELENGTH DIVISION 
MULTIPLEXED OPTICAL SIGNALS 

BACKGROUND OF THE INVENTION: 

1 FIELD OF THE INVENTION 

5 This invention is directed to recovering clock pulses of wavelength division 

multiplexed optical signals and to regeneration of wavelength division multiplexed optical 
signals. In particular, it relates to simultaneous clock recovery and regeneration of many 
wavelength division multiplexed optical signals. 

2 TECHNICAL BACKGROUND 

10 As the capacity of wavelength division multiplexed (WDM) transmission systems 

increases in response to the increasing demand for communication, the maximum reach of 
each transmission system is diminished. Regenerators are therefore required at regular 
intervals along a transmission link in addition to any regenerators associated with network 
nodes where traffic routing takes place. It may be argued that regenerators are necessary 

15 within switching nodes to provide traffic routing and grooming functions, though this is not 
always the case when traffic on a given wavelength is routed straight through the node. 
However, the use of regenerators between nodes increases the network cost without 
contributing additional functionality. A cost-effective means of regenerating WDM signals 
is therefore required as an alternative to full WDM demultiplexing and opto-electronic 

20 regeneration. System manufacturers indicate that this is particularly necessary for 40Gbit/s 
data rate systems with a target reach of 3000km but a practical transmission limit around 
1500km. 

All-optical regenerators which provide for the individual regeneration of each 
wavelength in a WDM system have been proposed (see, for example, Electronics Letters vol 

25 32 no. 6, pp567, 1996 "Error free operation of a 40Gbit/s all-optical regenerator'* by Pender, 
Widdowson, Ellis; Electronics Letters vol 24 no. 14, pp848, 1998 "All-optical regenerator" 
by Giles, Li, Wood, Burrus, Miller). However, such systems require the WDM signals to be 
demultiplexed, after which each channel is processed by a respective optical regenerator. 
Such single channel fibre-based regenerators may perform clock recovery using a fibre ring 

30 laser mode-locked through cross-phase modulation or non-linear polarization rotation and a 
decision gate based on similar non-linear properties. The output wavelength is determined 
by the local pulse source in the ring laser section and is in general substantially different to 
the incoming wavelength. It is well known that the non-linearity of optical fibres is 
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broadband, and so the device is tuneable over a large wavelength range. However, since the 
device is based on cross-phase modulation or its derivative effect, non-linear polarization 
rotation, attempts to operate with several wavelengths simultaneously inevitably result in 
unwanted crosstalk between the channels through the same cross-phase modulation effects. 

5 It has also been suggested that RZ (return to zero) formatted WDM signals may be 

simultaneously regenerated using soliton transmission and synchronous modulation. 
However, in this scheme it is necessary to ensure that all WDM signals arrive at the 
synchronous modulator with the same phase. This offers many practical difficulties arising 
from different clock sources, different propagation paths and small-scale drift of laser 

10 wavelengths coupled with residual dispersion. These difficulties are exaggerated when a 
wavelength-routed network is contemplated, and the requirements of soliton transmission 
are taken into account. 

Therefore there is a need for an improved method and apparatus for use in all-optical 
clock recovery and signal regeneration, which can simultaneously process a plurality of 

15 WDM signals. 

BRIEF SUMMARY OF THE INVENTION 

According to a first aspect of the invention, there is provided an apparatus for 
recovering clock pulses of wavelength division multiplexed optical signals in a return-to- 
zero format passed therethrough. It is of course possible to apply the invention to signals 

20 received in a non-return-to-zero format by first converting to a return-to-zero format, for 
which known techniques can be used. The apparatus comprises an optically-pumped laser 
cavity defining a cavity length and comprising a non-linear medium pumped at a wavelength 
selected to give efficient parametric amplification within the medium. The cavity length 
corresponds to an integer multiple of bit periods of at least one of the multiplexed optical 

25 signals. The optical signals co propagate through the medium with the pump radiation. The 
apparatus further comprises an optical path for recirculating a proportion of the output from 
the laser cavity back through the laser cavity. In this way, idler waves are generated 
symmetrically about the pump wavelength by four wave mixing with the at least one of the 
multiplexed optical signals and recirculated through the laser cavity to be amplified by 

30 parametric amplification in order to recover wavelength division multiplexed clock pulses. 

By pumping the nonlinear medium to give efficient parametric amplification, the 
input data signals interact efficiently with the pump to generate corresponding wavelength 
converted signals symmetrically spaced either side of the pump. At other, non-symmetric. 
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pairs of wavelengths, group velocity dispersion destroys the phase matching, and results in a 
weak four wave mixing interaction. At appropriate relative phase of the pump and the 
symmetrically placed signals, the latter will extract energy from the pump by parametric 
amplification. Recirculation of the idler waves through the laser cavity enables generation of 
5 further idler waves where data pulses may have been absent during previous recirculations, 
so recovering wavelength-converted clock pulses. 

The cavity may be formed between a plurality (at least two) of reflectors, at least one 
of which reflectors is a wavelength-selective reflector which is partially reflective at the 
wavelength of at least one of the idler waves for partially reflecting such idler waves back 

10 through the cavity after passage through the cavity. In this way, a proportion of the 

wavelength converted clock pulse radiation may be recirculated through the cavity with the 
correct phase, to ensure strong parametric amplification of the idler waves (as described 
above) and recovery of clock pulses. 

Alternatively, the cavity may be formed in a ring laser or a sigma laser configuration. - 

15 Use of a ring laser configuration overcomes the disadvantages arising from non-linear 

effects and formation of sub-cavities by reflections inherent in linear cavity configurations. 

Preferably, the apparatus further comprises a filter to prevent further transmission of 
radiation at the pump and signal wavelengths after passage through the nonlinear medium. 
The filter may comprise a band pass filter within the optical cavity. By blocking the pump 

20 and signal wavelengths after passage through the dispersion-shifted medium, one is left with 
idler waves corresponding to data pulses of the optical signal. Without a means to prevent 
further transmission of radiation at the pump and signal wavelengths after passage through 
the nonlinear medium, the recirculated pump and signals would need to be in phase with the 
corresponding new inputs. 

25 ^ Preferably, the apparatus further comprises an adjuster for adjusting the cavity length 

to correspond to an integer multiple of bit periods of at least one of the multiplexed signals. 
An adjuster would be required for apparatus using longer cavity lengths where 
environmental fluctuations are sufficient to induce a measurable change in cavity length. 
The adjuster may comprise an adjustable fibre delay line. This would provide sufficient 

30 phase matching accuracy for a short cavity. 

Preferably, the adjustable fibre delay line is actively stabilised to compensate for 
environmental fluctuations in the cavity. 
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Preferably, the cavity further comprises dispersion slope compensation. This enables 
correct cavity length adjustment for a greater range of simultaneous signal wavelengths. 
Preferably, the dispersion slope compensation has mirror image dispersion characteristics to 
those of the nonlinear medium. Suitably, the dispersion slope compensation comprises 
5 dispersion-compensating fibre. Alternatively, the dispersion slope compensation and band- 
pass filter comprise at least one fibre grating, and may include a number of gratings per 
wavelength. 

Preferably, the residual dispersion after dispersion compensation is not zero, and the 
cavity length at each idler wavelength is equal to an integer multiple of bit periods. 
1 o Preferably, the coherence length of the signals is substantially greater than the cavity length, 
to ensure correct optical phase matching and maximise phase-sensitive gain. 

The filter to prevent further transmission of radiation at the pump and signal 
wavelengths after passage through the nonlinear medium may comprise an optical branch 
presenting a series of cascaded fibre Bragg gratings, the optical branch being connected to 
15 the optical cavity by an optical circulator, whereby each fibre Bragg grating reflects a 
different idler wavelength back into the cavity. Each fibre Bragg grating reflects a 
corresponding recovered channel clock while passing light at all other wavelengths, 
including the pump, WDM optical signals, amplified spontaneous emissions, four-wave 
mixing terms etc. Furthermore, each grating defines a unique laser cavity length for its 
20 reflected wavelength. 

Preferably each Bragg grating is chirped, so that the laser may respond to changes in 
its length resulting from environmental effects by small changes in the lasing wavelength. 

Preferably, each chirped fibre Bragg grating is at least half as long as the physical 
spacing of two successive optical pulses in the fibre following at the signal clock rate. In this 
25 case, reflection from one end of the grating is delayed with respect to the reflection from the 
other end of the grating by a full bit period, and phase change of +/-180 0 for the recovered 
clock signal can be attained by a wavelength shift. 

The phase of the pump radiation may be modulated at the frequency of circulation of 
one of the optical signals through the cavity or an integer multiple thereof up to the bit rate 
30 of one of the optical signals, to suppress stimulated Brillouin scattering. 
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Preferably, thexavity further comprises an optical filter with a free spectral range 
equal to the signal clock frequency or its subharmonic to select only one or a limited subset 
of supennod.es, so suppressing supermode noise. 

Preferably, the cavity further comprises a weak periodic filter with a free spectral 

5 range substantially equal to the wavelength spacing between adjacent channels. In 
combination with self phase modulation induced spectral broadening, the spectral 
compression offered by the filter will tend to stabilise the pulse amplitudes of different 
channels, so reducing the effects of any saturation induced crosstalk which might otherwise 
arise if two clock pulses are present simultaneously. Alternatively, other forms of amplitude 

1 0 stabilisation may be employed, such as non-linear polarization rotation or 2R regeneration, 
to reduce any amplitude destabilising effects. 

Preferably, the optical cavity is made of polarization-maintaining fibre, in order to 
maintain a correct polarisation relationship between the pump radiation and the idler (or 
clock) wave. Preferably the polarisation axes should be switched repeatedly, preferably but 

1 5 not necessarily at regular intervals, in the active part of the cavity, so that the functioning of 
the invention will be relatively insensitive to the unpredictable polarisation of the incoming 
data signal. 

Preferably, the pump wavelength lies between two adjacent standard channel 
wavelengths. More preferably, the pump wavelength lies mid-way between the two adjacent 

20 wavelengths. The input signals may correspond to even-numbered standard channel 

wavelengths with the recovered clock channels corresponding to odd-numbered standard 
channel wavelengths or vice versa, and the input signals may be separated from recovered 
clock signals using optical interleaves. 

Alternatively, the signals may be located within a band of width N, which band is 

25 offset from the pump wavelength by a spacing of at least 2N, since four-wave interactions 
involving one pump photon and two (or three) signal/idler photons will generate some 
unwanted light at wavelengths falling within the spacing (with the preferred arrangement 
just described, this effect is not a problem, because such unwanted light will not have a 
wavelength corresponding to a standard channel). 

30 The nonlinear medium may comprise dispersion-shifted fibre, a semiconductor 

optical amplifier or a periodically-poled lithium niobate (PPLN). 
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The clock recovery circuit may include an additional amplifier to compensate part of 
the cavity loss. 

In a second aspect, the invention provides a multi-wavelength optical regenerator for 
recovering and re-timing wavelength division multiplexed optical signals, the regenerator 

5 comprising apparatus for recovering clock pulses of WDM optical signals as above, wherein 
wavelength division multiplexed optical signals and the recovered clock pulses are coupled 
to a further optically-pumped amplifier comprising a nonlinear medium pumped at a 
wavelength selected to give efficient parametric amplification within the medium, whereby 
the optical signals and the recovered clock pulses are modulated by each other. 

1 0 Preferably, the regenerator comprises a filter to prevent further transmission of 

radiation at the pump and signal wavelengths after passage through the cavity and further 
amplifier, leaving only the modulated recovered clock signal. Alternatively, the regenerator 
comprises a filter to prevent further transmission of radiation at the pump and recovered 
clock wavelengths after passage through the cavity and further amplifier, leaving the 

1 5 original optical data signal modulated by the recovered clock. 

According to a third aspect of the invention, there is provided a method for 
recovering clock pulses of wavelength division multiplexed optical signals in a return-to- 
zero format. This method comprises the steps of providing a laser cavity defining a cavity 
length and comprising a nonlinear medium, optically-pumping the laser cavity at a 

20 wavelength selected to give efficient parametric amplification within the medium, and co- 
propagating the optical signals through the nonlinear medium with the pump radiation. The 
method further comprises the steps of recirculating a proportion of the output from the laser 
cavity back through the laser cavity, and adjusting the cavity length to correspond to an 
integer multiple of bit periods of at least one of the multiplexed optical signals. In this way, 

25 idler waves are generated symmetrically about the pump wavelength by four wave mixing 
with the at least one of the multiplexed optical signals and amplified by parametric 
amplification in order to recover wavelength division multiplexed clock pulses. 
The idler waves may be partially reflected back through the cavity. 
Preferably the optical signal is subject to excess self phase modulation within the 

30 cavity. In this way, each recovered clock may slightly adjust its operating wavelength and 
hence (through residual cavity or grating dispersion) the effective cavity length, and so 
relative phase, to ensure maximum gain. 
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Suitably, the method further comprises compensating signal chromatic dispersion 
within the cavity. 

Preferably the net gain through the cavity for low-intensity continuous wave (CW) 
signals is less than one. In this way, any signals generated by spontaneous processes within 

5 the cavity and through parametric amplification of incoming amplified spontaneous 

emissions, will be reduced with each re-circulation through the cavity. Preferably, the net 
gain for pulses of the intensity of the recovered clock signals will be greater than or equal to 
one. In this regard, any signals having half the intensity of the recovered clock signals or less 
are considered of low intensity. 

10 Additional features and advantages of the invention will be set forth in the detailed 

description which follows, and in part will be readily apparent to those skilled in the art 
from the description or recognized by practicing the invention as described in the written 
description and claims hereof, as well as the appended drawings. 

It is to be understood that both the foregoing general description and the following 

15 detailed description are merely exemplary of the invention, and are intended to provide an 
overview or framework to understanding the nature and character of the invention as it is 
claimed. 

The accompanying drawings are included to provide a further understanding of the 
invention, and are incorporated in and constitute a part of this specification. The drawings 
20 illustrate one or more embodiments of the invention, and together with the description serve 
to explain the principles and operation of the invention. 
BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a schematic diagram of a parametric amplifier-based ring laser clock 
recovery circuit; 
25 Fig. 2 is a design chart for a parametric amplifier; 

Fig. 3 displays the gain profiles excited in the parametric amplifier of Fig. 1; 
Fig. 4 shows the channel bandwidth of the parametric amplifier of Fig. 1 ; 
Fig. 5 shows the pulse widths attainable from the parametric amplifier of Fig. 1; 
Fig. 6 is a schematic diagram of a multi-wavelength parametric amplifier-based 3R 
30 regenerator according to the invention; and 

Fig. 7 is an alternative design chart for a parametric amplifier. 
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DETAILED DESCRIPTION OF THE INVENTION 

The clock recovery circuit as illustrated in Fig. 1 comprises a signal input fibre 1 
coupled to a length of around 500m of dispersion-shifted nonlinear medium comprising 
highly non-linear dispersion-shifted fibre 3 by a wavelength division multiplexer (not 

5 shown). A pump input fibre 5 pumped by a laser 6 is also coupled to the dispersion-shifted 
fibre 3 by a second wavelength division multiplexer (not shown). The output from the 
dispersion-shifted fibre 3 is fed to a band-pass filter 7, and the output from the band-pass 
filter branches into two paths. A first path from the band-pass filter 7 is coupled to an 
adjustable fibre delay line 9 comprising dispersion-compensating fibre having the opposite 

10 dispersion characteristics to those of the dispersion-shifted fibre 3. After the fibre delay line 
9, the first path is coupled back to the signal input fibre to complete a ring laser 
configuration. The second path from the band-pass filter comprises a clock output fibre 1 1 . 

The pump input fibre feeds pump radiation into the length of dispersion-shifted fibre 
at the wavelength of zero-dispersion. This wavelength is selected because it ensures efficient 

15 parametric amplification within the fibre for signals symmetrically spaced either side of the 
wavelength of zero dispersion. On start up, RZ WDM data signals are fed to the signal input 
fibre 1 , and these pass into the dispersion-shifted fibre 3. As the pump radiation and data 
signals pass through the dispersion-shifted fibre, new signals known as idler waves are 
generated symmetrically about the pump wavelength by the process of four- wave mixing. 

20 Each pulse of these idler waves corresponds to a data one of one of the original data signals, 
while no pulse is generated for a data zero. As the signals and idler waves continue to travel 
through the dispersion-shifted fibre 3, they are each subject to parametric amplification from 
the pump. After passage through the dispersion-shifted fibre 3, the remaining pump 
radiation and WDM data signals are blocked from further transmission by the band-pass 

25 filter 7, while the idler waves pass unhindered through the filter. A proportion of the idler 
wave radiation passes along the first path from the band-pass filter through the adjustable 
fibre delay line 9 and is re-introduced into the signal input fibre 1. The remainder of the idler 
wave radiation passes along the second path from the band-pass filter to the clock output 
fibre 11. 

30 By suitable adjustment of the fibre delay line 9, the idler waves passing along the 

first path from the band-pass filter 7 return to the signal input fibre 1 in phase with the 
WDM data signals fed to the signal input fibre. As the idler waves and data signals now pass 
through the dispersion-shifted fibre 3, the existing idler waves are strongly parametrically 
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amplified by the pump radiation as well as by the incoming data signal in the case of a data 
one. Furthermore, where idler waves have not previously been generated, they are generated 
as described above by the ones within the incoming data signal. In this way, a mode-locked 
ring laser is formed, where the cavity gain is strongly modulated by the temporal profile of 
5 the incoming data, and the re-circulating clock pulses are distinguished from spontaneous 
noise through phase-sensitive parametric amplification and other nonlinear processes within 
the cavity. 

Parametric amplification is phase sensitive, and it is necessary to ensure that the 
phase of the recovered clock lines up at the input to the amplifier after each recirculation. In 

10 order to achieve this, it is necessary to have well defined phase relationships between the 
data and pump signals, which in practice implies that each of the signals should be well 
defined in terms of phase. This translates to a requirement that the coherence length of the 
signals be longer than several recirculations of the clock recovery loop. Faster phase 
variations will destroy the phase matching condition of the cavity, whilst significantly 

1 5 slower phase variations may be tracked by the clock recovery laser automatically adjusting 
its phase. In practice, for a 1km cavity, a continuous wave (pump) line width of somewhat 
less than 20kHz would be required to give a 10km coherence length. Similar constraints 
apply to the data signal, where the phase noise contribution of any in-line optical amplifiers 
should be taken into consideration. In this case, provided the ASE induced phase noise is 

20 small (<5ti) the ring laser will sample the average phase. This may however set a more 
stringent upper limit on regenerator spacing than considerations of amplitude noise. 

To ensure that the re-circulating idler waves return to the signal input fibre 1 in 
phase with the incoming data signals, the cavity length should correspond to an integer 
multiple of bit periods of each of the multiplexed signals (accurate to 1% of a bit period). 

25 For a sufficiently short cavity this may be achieved with sufficient accuracy simply by 
adjusting the cavity length to match the central channel using the adjustable fibre delay 
line 9. In this respect, a sufficiently short cavity is one where the cavity length L meets the 
following requirement: 

30 where x is the clock pulse width, D' is the net cavity dispersion slope, N C h is the number of 
multiplexed channels in the input signal, c is the velocity of light, X is the recovered clock 
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wavelength and Af is the channel spacing. Active stabilization could be incorporated to 
compensate for environmental fluctuations which could affect the virtual cavity length. 
Provided some residual dispersion exists in the cavity, accompanied by excess self phase 
modulation to broaden the pulse spectrum slightly, then within its allocated channel, each 
recovered clock may slightly adjust its operating wavelength (and hence effective cavity 
length and so relative phase) to ensure maximum gain. This process is analogous to guiding 
filtering within soliton transmission systems, the stable operating point in this case being 
whichever wavelength gives the correct phase. The cavity dispersion should be carefully 
chosen such that several % of phase adjustment are available to the laser whilst mamtaining 
good phase matching at the level of the data rate. In the case of phase sensitive 
amplification, this ensures phase matching to both the clock (radio frequency) phase of the 
data signal, and the optical phase of the optical carriers. 

For a longer cavity, the quadratic dependence of the group delay precludes the 
correct cavity adjustment for simultaneous wavelengths. In this case, dispersion 
compensation could also be employed to enable correct cavity length adjustment for a 
greater range of simultaneous signal wavelengths, for example using a fibre having mirror 
image dispersion characteristics to those of the dispersion-shifted fibre. 

In order to suppress spontaneous noise generated through spontaneous processes 
within the cavity and through parametric amplification of incoming amplified spontaneous 
emissions (ASE), the net small signal gain should be maintained below unity. Under these 
circumstances, several circulations of the idler waves around the cavity are sufficient to 
allow stable clock recovery. 

The parametric amplification process is instantaneous, and so the full saturated 
output power is available at any given time. So in single channel operation, the energy of 
each pulse is stabilized by the gain medium. This is in contrast to the case of doped fibre 
amplifiers, where the long lifetime precludes pulse stabilization by these means, leading to 
instabilities in the pulse amplitudes. The instantaneous gain may also stabilize the clock 
pulse amplitudes in the case of multi-channel operation. However, it is possible that two 
clock pulses may be present simultaneously, giving rise to small levels of saturation induced 
crosstalk, and potential amplitude instability. To combat this, the cavity could include a 
weak periodic filter, such as an etalon (parallel plate interferometer), with a free spectral 
range equal to the wavelength spacing of the channels. In combination with self-phase 
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modulation induced spectral broadening, the spectral compression offered by such a filter 
would tend to stabilize the pulse amplitudes. 

Stimulated Brillouin scattering (SBS) sets a severe limitation on the pump power 
levels that may be propagated in an optical fibre. The threshold for SBS is typically tens of 
5 milliwatts, whilst the threshold for parametric amplification is of the order of a few hundred 
milliwatts. To alleviate this constraint, the fibre may be designed in such a way as to 
increase the SBS threshold, allowing increased power levels. Alternatively, the signal could 
be provided with some degree of phase modulation to increase the spectral width of the 
pump light beyond Brillouin gain bandwidth (-80MHz). However, in this case it is 

1 0 necessary to maintain a well-defined phase relationship between the three signals. 

Consequently, any phase modulation designed to reduce SBS must take this requirement 
into account. This may be achieved by modulating the phase of the pump at an integer 
multiple of the frequency of circulation of one of the optical signals through the cavity, for 
example at the bit rate of the signal. 

1 5 A second constraint relates to the amplitude of the phase modulation. Due to the 

walk-off between the data and pump signals over the length of the amplifier, the phase 
matching will be reduced. Indeed, for a n phase change the amplification will be 
transformed to attenuation with disastrous results. Ideally, the peak phase shift along the 
length of the amplifying fibre will be a small fraction of n. This implies either that the 

20 amplitude of the applied phase modulation is less than it, or that the amplifying fibre 
represents a small fraction of the overall cavity length and the modulation frequency 
matches the cavity round trip. 

In view of the rather long overall cavity length, the fibre laser output is inherently 
unstable owing to fluctuations in the signal polarization state caused by mechanical 

25 vibration and temperature variation, as well mode competition between the two orthogonally 
polarized modes. In order to eliminate noise coming from the polarization fluctuations and 
mode competition between orthogonally polarised modes, the laser cavity may be 
constructed entirely with polarization maintaining (PM) fibres and PM components. The 
axes may be swapped at regular intervals to reduce walkoff, if necessary. The polarization 

30 sensitivity of the parametric gain ensures that the recovered clock polarization is matched to 
the incoming signal polarization. 
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The parametric amplifier should be designed to reduce crosstalk, both from the 
parametric amplification itself and from other four wave mixing components. Figure 2 
illustrates a set of operating parameters which would reduce crosstalk. If the signals 
(incoming data signals marked d and recovered clock signals marked c) are located within a 
5 band of width N, which is offset from the pump wavelength p by a spacing of at least 2N, 
then all four wave mixing products originating from any two signals and the pump fall into 
the zones marked FWM. There are two beneficial consequences to this design: 

(i) the signals fall outside the wavebands for either the data or the clock; 

(ii) the signals are poorly phase matched, and so are of low intensity. 

1 o Four wave mixing between three data (clock) signals or two data (clock) signals and a clock 
(data) signal will fall into the signal band. However, since the intense pump is not involved, 
the intensity of the generated signals will be low. The parametric gain bandwidth depends 
upon the phase matching conditions, and the parametric amplifier must be designed to take 
this into account. The available gain bandwidth for each of 16 WDM channels distributed 

1 5 according to Figure 2 is illustrated in Figure 3. In this figure, the generated idler intensity is 
plotted for each potential data signal in turn after a single pass through the loop using the 
following parameters: non-linear coefficient 8W~ l km* 1 ; pump power 500mW; data peak 
power lOOmW, channel spacing 100GHz, dispersion zero 1550nm, dispersion slope 
0.075ps.nm" 2 .knf J ; 16 channels and 1km dispersion-shifted fibre length. This represents the 

20 gain bandwidth of each channel, and demonstrates a design with little or no inter-channel 
crosstalk, suitable for use in a WDM signal-processing device. However, the channel 
bandwidth reduces with increasing channel number (see Figure 4) as the increasing 
background dispersion coefficient results in a more rapid loss of phase matching with 
detuning. To achieve this low crosstalk level, it is necessary to have a dispersion slope 

25 above a certain critical value, and there is clearly a trade-off between channel bandwidth and 
crosstalk. 

For this amplifier design, the obtainable recovered clock pulse widths (assuming RZ 
data with a 50% duty cycle and sinusoidal pulse profiles) can be calculated either by simply 
considering transform limited pulses with spectral widths equal to the gain bandwidth, or by 
30 using standard mode locking theory. This is illustrated in Fig. 5, where clearly acceptable 
performance is achieved for operation at 10 or 20 Gbit/s with a 100GHz channel spacing. It 
is notable that this example requires a maximum wavelength shift from channel 1 to channel 
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16 of 75nm at lOGbit/s with 100GHz spacing. Alternatively, each regenerator site could 
contain a small number of such parametric regenerators to reduce the number of channels 
and so alleviate the parametric gain bandwidth requirement at each site. The group velocity 
dispersion experienced by high channel numbers may be minimised by reducing the 
5 dispersion slope. The optimum dispersion slope, taking the two constraints into account, can 
therefore be determined. 

A second parametric amplifier may be used to facilitate an interaction between the 
data signal and the recovered clock to provide a regenerator capable of re-amplifying, re- 
shaping and re-timing wavelength division multiplexed optical signals as shown in fig. 6. 

10 The regenerator shown employs a second embodiment of a clock recovery circuit according 
to the invention. The same reference numerals as those used in fig. 1 are used to indicate 
components common to both embodiments, and these do not require further description. The 
principle difference between the clock recovery circuit of the device shown in fig. 6 and that 
of fig. 1 is that the band-pass filter 7 and adjustable fibre delay line have been replaced by an - 

15 optical branch 21 connected to the optical cavity between the dispersion-shifted fibre 3 and 
the clock output fibre 1 1 by means of an optical circulator 23. The optical branch 21 
presents a series of cascaded chirped fibre Bragg gratings 25, 27, 29, 3 1, each of which is 
positioned at a carefully selected location along the optical branch 21 as described below 
and designed to reflect radiation of a particular wavelength corresponding to a respective 

20 WDM channel. 

As described above with reference to fig. 1 , the pump input fibre 5 feeds pump 
radiation from pump laser 6 into the length of dispersion-shifted fibre at the wavelength of 
zero-dispersion via a wavelength division multiplexer 4. On start up, RZ WDM data signals 
are fed to the signal input fibre 1, and these pass into the dispersion-shifted fibre 3 via 

25 another wavelength division multiplexer 2. As the pump radiation and data signals pass 
through the dispersion-shifted fibre 3, idler waves corresponding to the different WDM 
signal channels are generated symmetrically about the pump wavelength and amplified as 
described above. After passage through the dispersion-shifted fibre 3, the idler waves, 
remaining pump radiation and original WDM data signals pass into the optical branch 21 via 

30 the optical circulator 23. Each Bragg grating reflects idler wave radiation corresponding to a 
particular WDM channel (a restored channel clock signal) and passes through light at all 
other wavelengths, including the remaining pump radiation, the original WDM data signals 
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— and any amplified spontaneous emission and four wave mixing terms, which eventually 
leave the laser cavity. The restored channel clock signals are thus reflected back to the 
circulator 23 and fed back towards the clock output fibre. A proportion of the restored 
channel clock signal radiation is re-circulated to the dispersion-shifted fibre 3, while the 

5 remainder passes to the clock output fibre 1 1 . 

The clock output fibre 11, together with part of the signal input and pump power 
from the clock recovery circuit are coupled via further wavelength division multiplexers 33, 
35 to a further optically pumped amplifier comprising a length of non-linear fibre 13 
followed by a further circulator 37 and optical branch 39 presenting a further series of 

1 0 cascaded chirped fibre Bragg gratings 4 1 , 43, 45, 47, designed to reflect radiation of a 

particular wavelength corresponding to respective WDM channels. The recovered clock may 
thus be used to modulate the gain experienced by the data signal through four wave mixing 
as the signals propagate through the further length of non-linear fibre 13, so providing a re- 
timed and reshaped signal. In this case, each Bragg grating reflects radiation of a particular 

1 5 restored WDM channel and passes light at all other wavelengths, including the remaining 
pump radiation, the recovered clock and any amplified spontaneous emission and four wave 
mixing terms, out of the circuit, so filtering out light at such other wavelengths. 
Alternatively, the data may be used to modulate the low jitter recovered clock signal to 
provide a wavelength-converted, re-timed and reshaped signal. In this case each Bragg 

20 grating reflects radiation at a particular recovered clock wavelength (a wavelength-converted 
restored WDM channel) and passes light at all other wavelengths, including the remaining 
pump radiation, the original data signal and any amplified spontaneous emission and four 
wave mixing terms, out of the circuit. 

The use of chirped fibre Bragg gratings in this manner presents a number of 

25 advantages. The position of each chirped fibre Bragg grating along the optical branch 21 of 
the clock recovery circuit defines a unique laser cavity length for its own recovered clock 
signal. This means that there is no need to have a total cavity dispersion exactly equal to 
zero. If necessary, variable delay lines (for example in the form of fibre stretchers) can be 
provided between Bragg gratings (not shown) to adjust each of the individual cavity lengths. 

30 The chirped fibre Bragg gratings combine the functions of reflection and spectral 

filtering. Individual reflection peaks can be easily adjusted by straining or temperature- 
tuning corresponding Bragg gratings. 
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If found desirable, an additional optical amplifier, for example an erbium-doped 
fibre amplifier 48, may be inserted into the ring laser to compensate in part the inevitable 
cavity losses. 

Because nonlinear effects in silica-based glass are relatively weak, a long length of 
5 fibre (typically, hundreds of meters) is needed in order to let the system operate at 

reasonable power levels for both pump and signal light As a consequence, the fibre laser 
operation is inherently unstable owing primarily to the cavity length changes caused by 
temperature variation. The insertion of the CFBGs into the cavity enables the laser to 
maintain synchronism with an external signal bit rate automatically. Since the grating is 
1 0 chirped, the effective reflection plane position depends on the wavelength. As a result, a 
small change in the cavity length or the group velocity of light can be compensated by a 
small shift of the lasing wavelength. 

For a particular bit rate / the minimum CFBG length needed to passively stabilize the 
laser operation can be estimated from the following inequality: 



15 



n/AA 



f 2 N 
— — cDL { 

K D * J 



^1 (1) 



where n is the effective refractive index, c is the velocity of light, AX is the total chirp of the 
CFBG, D is the dispersion parameter of the cavity fibre, L c is the laser cavity length and D g 
is the dispersion parameter of the grating, approximately given by 

20 where L % is the length of the grating. Since for maximum FWM gain parametric laser needs 
to be pumped close to the fibre zero dispersion point, D is typically very small, the second 
term in parentheses can be neglected and (1) simplifies to: 



2n/L g 



*1 (3) 



c 

which has a very simple interpretation - the CFBG needs to be at least half as long as the 
25 physical spacing of two optical pulses in the fibre following at the signal clock rate. In this 

case, reflection from one end of the grating is delayed in respect to the reflection from the 

other end of the grating by a full bit period, and phase change of ±180° for the recovered 

clock signal can be attained by a wavelength shift. 

The parametric gain bandwidth is determined by the spectral width of the 
30 corresponding incoming RZ signal. Therefore, in case of the incoming RZ consisting of 
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perfect transform-limited optical pulses, any wavelength change in the restored clock signal 
would mean a significant decrease in the available gain. However, real transmission line 
signals will always be slightly broadened by transmission fibre nonlinearities, and they will 
experience additional spectral broadening due to the intra-channel FWM and self-phase 

5 modulation in the clock recovery amplifying fibre itself. We estimate that at least a 0.2 nm 
wavelength shift without a significant drop in the parametric gain should be permissible for 
the 40 GHz clock rate. 

Another important point relates to grating dispersion. For the 1 cm long grating (the 
minimum length needed to stabilize the 10 Gb/s clock recovery, as shown above) with a 

10 total chirp of 0.2 nm, the grating dispersion would be roughly 500 ps/nm. It might seem that 
such a large dispersion would make circulation of a short pulses in a laser cavity impossible. 
The following simple illustration shows that this is not necessarily true. Let us consider a 
monochromatic optical wave sinusoidally modulated with 100% modulation depth, which is 
the simplest form of a clock signal: 

15 P = A(l + cos Clt) cos cot ( 4 ) 

where co is the carrier frequency and Q is the modulation (clock) frequency. As is well 
known, the spectrum of this signal is represented by the main peak at carrier frequency and 
two additional peaks at ±Q, which can be shown by the transformation of (4): 

P = A cos cot + ~-(cos(<y + Cl)t + cos((o - Q)f ) (5) 

20 When this signal is reflected from a chirped grating, effective reflection planes for all three 
spectral components will be different. At least for the case of linearly chirped grating, the 
amount of phase shift 6 of frequency sum and difference components in respect to the 
carrier frequency component will be the same with an opposite sign. The resulting signal is 
represented by: 

25 =A cos cot + ^ (cos((a> + Q> + 0) + cos((a> - 0> - 0)) (6) 

which is easily transformed into: 

P nJJ = ^(1 + cos(Q/ + &)) cos cot (7) 
As is evident from (7), reflection of our simple example signal from a chirped 
grating, no matter how large the dispersion, results in a phase shift of the modulating signal, 
30 but does not cause the distortion or change the shape of that modulating signal. 
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In a practical mode-locked laser, large cavity dispersion can cause the laser output 
pulses to be chirped. But, this can be easily corrected by a length of a fibre with the right 
dispersion sign or a CFBG-based compensator. 

For a multi-channel device, due to the wavelength dependence of the parametric 
5 gain, recovered clock signals of different channels will normally have different amplitudes. 
If desired, those amplitudes can be easily equalized by varying the reflection strength of the 

corresponding CFBGs. 

Since the proposed clock recovery device operation is based on parametric 
amplification, it is desirable to have the pump radiation as close as possible to the zero 

,0 dispersion wavelength of the amplifying fibre. Operation in the vicinity of zero dispersion, 
however, will also cause unwanted four-wave mixing between all spectral components 
present in the laser cavity and result in some amount of inter-channel crosstalk. Since the 
pump is the most powerful signal in the cavity, the most harmful interference will come 
from mixing of the pump and recovered clock signals. Therefore, It is undesirable if the 

15 pump wavelength is the same as one of the standard channel wavelengths, or if the pump 
wavelength is separated from any one of the channel wavelengths by an exact multiple of 

the channel spacing. 

The most advantageous position for the pump wavelength is right in the middle 
between two adjacent channel wavelengths. As an example, the scheme shown in Figure 7 
20 might be considered, wherein the pump wavelength lies mid-way between two adjacent 
standard channel wavelengths. This scheme has two additional advantages. First, 
wavelength space both to the left and right of the pump is used to allow more channels to be 
recovered. And second, RZ signals and recovered clocks occupy correspondingly odd and 
even standard channel wavelengths, which means that they can be combined (or separated) 
by commercially available devices known as interleavers. Of course, the scheme where all 
RZ signals are on one side of the pump and all recovered clock signals on the other can also 
be used, but it might still be necessary to only supply every other channel of the WDM 
system for recovery to rninimize excess FWM terms and related crosstalk. 

One of the major issues with harmonically mode-locked fibre lasers is so-called 
supermode noise. In simple terms, with the laser cavity several hundred meters long, 
longitudinal mode spacing is less than 1MHz. A lot of supermodes exist within a channel 
bandwidth, and mode competition among these supermodes causes large amplitude 



25 



30 
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fluctuations of the generated optical pulses. The proposed laser is capable of automatically 
maintaining synchronism to an external clock despite drifts in cavity length owing to the use 
of CFBG, even in the absence of interferometric stabilization. Therefore, an optical filter 
with comb-like transmission and a free spectral range (FSR) equal to the clock frequency or 

5 a subharmonic of the clock frequency of the input signals can be inserted into the cavity to 
select only one or a limited subset of supermodes, thus suppressing supermode noise. The 
optical filter with comb-like transmission spectrum can be a fibre loop interferometer, 
conventional Fabry-Perot filter or an FBG-based Fabry-Perot filter. 

Instead of dispersion-shifted fibre, the non-linear medium could comprise KTP 

10 crystal, a semiconductor optical amplifier or a PPLN as would be clear to those skilled in the 
art of optical regenerator design. 

It will be apparent to those skilled in the art that various modifications to the 
preferred embodiments of the invention as described herein can be made without departing 
from the spirit or scope of the invention as defined by the appended claims. Thus, it is 

15 intended that the present invention cover the modifications and variations of this invention 
provided they come within the scope of the appended claims and their equivalents. 
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CLAIMS 

1 . Apparatus for recovering clock pulses of wavelength division multiplexed optical 
signals in a return-to-zero format passed therethrough, the apparatus comprising: 
(i) an optically-pumped laser cavity defining a cavity length and comprising a 
5 nonlinear medium pumped at a wavelength selected to give efficient parametric 

amplification within said medium, said cavity length corresponding to an integer 
multiple of bit periods of at least one of the multiplexed optical signals, and said 
optical signals co-propagating through said medium with said pump radiation; 
and 

10 (ii) an optical path for recirculating a proportion of the output from said laser cavity 

back through said laser cavity; 
whereby idler waves are generated symmetrically about said pump wavelength by four 
wave mixing with said at least one of said multiplexed optical signals and recirculated 
through said laser cavity to be amplified by parametric amplification in order to recover 
1 5 wavelength division multiplexed clock pulses. 

2. Apparatus according to claim 1, wherein said cavity is formed between a plurality of 
reflectors, at least one of which reflectors is a wavelength-selective reflector which is 
partially reflective at the wavelength of at least one of said idler waves for reflecting 
such idler waves back through said cavity after passage through said cavity. 
20 3. Apparatus according to claim 1 or claim 2, wherein said cavity is formed in a ring laser 
configuration. 

4. Apparatus according to claim 1 or claim 2, wherein said cavity is formed in a Sigma 
laser configuration. 

5. Apparatus according to any one of claims 1-4, further comprising a filter to prevent 
25 further transmission of radiation at said pump and signal wavelengths after passage 

through said nonlinear medium. 

6. Apparatus according claim 5, wherein said filter to prevent further transmission of 
radiation at said pump and signal wavelengths after passage through said medium 
comprises a band pass filter within said optical cavity. 

30 7. Apparatus according to any one of claims 1-6, further comprising an adjuster for 

adjusting said cavity length to correspond to an integer multiple of bit periods of at least 
one of said multiplexed signals. 
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8. Apparatus according to claim 7, wherein said adjuster for adjusting said cavity length 
comprises an adjustable fibre delay line. 

9. Apparatus according to claim 8, wherein said adjustable fibre delay line is actively 
stabilised. 

5 10. Apparatus according to any one of claims 1-9, further comprising dispersion slope 
compensation within said cavity. 

1 1 . Apparatus according to claim 10, wherein said dispersion slope compensation has mirror 
image dispersion characteristics to those of said nonlinear medium. 

12. Apparatus according to claim 10, wherein said dispersion slope compensation comprises 
10 dispersion-compensating fibre. 

13. Apparatus according to claim 6 and/or claim 1 1 comprising at least one fibre grating 
acting as dispersion slope compensator and/or as band pass filter. 

14. Apparatus according to claim 10, wherein the residual dispersion after dispersion 
compensation is not zero, and said cavity length at each idler wavelength is equal to an 

1 5 integer multiple of bit periods. 

15. Apparatus according to any one of claims 1-14, wherein the coherence length of the 
signals is substantially greater than said cavity length. 

16. Apparatus according to claim 5, wherein said filter to prevent further transmission of 
radiation at said pump and signal wavelengths after passage through said nonlinear 

20 medium comprises an optical branch presenting a series of cascaded chirped fibre Bragg 

gratings, said optical branch being connected to said optical cavity by an optical 
circulator, whereby each chirp e d fibre Bragg grating reflects a different idler wavelength 
back into said cavity. 

17. Apparatus according to claim 16, wherein each fibre Bragg grating is chirped. 

25 18. Apparatus according to claim 17, wherein each chirped fibre Bragg grating is at least 

half as long as the physical spacing of two successive optical pulses in said fibre 

following at the signal clock rate. 
19. Apparatus according to any one of claims 1-18, wherein the phase of the pump radiation 

is modulated at the frequency of circulation of one of said optical signals through said 
30 cavity or an integer multiple thereof up to the bit rate of one of said optical signals to 

suppress stimulated Brillouin scattering. 
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20. Apparatus according to any one of claims 1-19 comprising an additional amplifier within 
the laser cavity. 

21. Apparatus according to any one of claims 1-20, further comprising an optical filter with 
a free spectral range equal to the signal clock frequency or a subharmonic of the signal 

5 clock frequency. 

22. Apparatus according to any one of claims 1-21, wherein said wavelength division 
multiplexed optical signals occupy respective channels separated from each other by a 
wavelength spacing, and said apparatus further comprises a weak periodic filter with a 
free spectral range substantially equal to said wavelength spacing between adjacent 

10 channels. 

23. Apparatus according to any one of claims 1-22, wherein said optical cavity comprises 

/ 

polarization-maintaining fibre. 

24. Apparatus according to claim 23, wherein said fibre has polarization axes, which axes 
are swapped at regular intervals. 

15 25. Apparatus according to any one of claims 1-24, wherein said wavelength division 

multiplexed optical signals occupy respective standard channel wavelengths, and said 
pump wavelength lies between two adjacent standard channel wavelengths. 
26. Apparatus according to claim 25, wherein said pump wavelength lies mid-way between 
said two adjacent wavelengths. 

20 27. Apparatus according to any one of claims 1-26, wherein said signals are located within a 
band of width N, which band is offset from said pump wavelength by a spacing of at 
least 2N. 

28. Apparatus according to any one of claims 1-27, wherein said nonlinear medium 
comprises dispersion-shifted fibre, a semiconductor optical amplifier or a PPLN. 

25 29. Multi-wavelength optical regenerator for recovering and re-timing wavelength division 
multiplexed optical signals, said regenerator comprising apparatus according to any one 
of claims 1-28, wherein wavelength division multiplexed optical signals and said 
recovered clock pulses are coupled to a further optically-pumped amplifier comprising a 
nonlinear medium pumped at a wavelength selected to give efficient parametric 

30 amplification within the medium, whereby said optical signals and said recovered clock 

pulses are modulated by each other. 
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30. Multi- wavelength optical regenerator according to claim 29, further comprising a filter 
to prevent further transmission of radiation at said pump and signal wavelengths after 
passage through said cavity and further amplifier. 

3 1 . Multi-wavelength optical regenerator according to claim 29 or claim 30, further 
5 comprising a filter to prevent further transmission of radiation at said pump and 

recovered clock wavelengths after passage through said cavity and further amplifier. 

32. Method for recovering clock pulses of wavelength division multiplexed optical signals 
in a retum-to-zero format, the method comprising the steps of: 

(i) providing a laser cavity defining a cavity length and comprising a nonlinear medium; 
10 (ii) optically-pumping said cavity at a wavelength selected to give efficient parametric 

amplification within said medium; 

(iii) co-propagating said optical signals through said nonlinear medium with said pump 
radiation; 

(iv) recirculating a proportion of the output from said laser cavity back through said laser 
15 cavity; and 

(v) adjusting said cavity length to correspond to an integer multiple of bit periods of at 
least one of said multiplexed optical signals; 

whereby idler waves are generated symmetrically about said pump wavelength by four 
wave mixing with said at least one of said multiplexed optical signals and recirculated 
20 through said cavity to be amplified by parametric amplification in order to recover 

wavelength division multiplexed clock pulses. 

33. Method according to claim 32, wherein said idler waves are partially reflected back 
through said cavity. 

34. Method according to claim 32 or claim 33, wherein said optical signal is subject to 
25 excess self phase modulation within said cavity. 

35. Method according to any one of claims 32-34, further comprising compensating signal 
dispersion within said cavity. 

36. Method according to any one of claims 32-35, wherein the net small signal gain through 
said cavity is less than one. 

30 37. Method according to any one of claims 32-36 comprising providing additional 
amplification within the laser cavity. 
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38. Method according to any one of claims 32-36, wherein said wavelength division 
multiplexed optical signals occupy respective channels separated from each other by a 
wavelength spacing, said method further comprising weakly filtering with a periodic free 
spectral range within said cavity substantially equal to said wavelength spacing between 

5 adj acent channels . 

39. Method according to any one of claims 33-38, wherein said wavelength division 
multiplexed optical signals occupy respective standard channel wavelengths, and said 
pump wavelength lies between two adjacent standard channel wavelengths. 

40. Method according to claim 39, wherein said pump wavelength lies mid- way between 
I o said two adj acent wavelengths. 

4 1 . Method according to any one of claims 32-40, wherein said pump radiation is phase 
modulated to suppress stimulated Brillouin scattering. 

42. Method for re-amplifying, re-shaping and re-timing wavelength division multiplexed 
optical signals, the method comprising recovering clock pulses by the method according 

15 to any one of claims 32-41 and further comprising modulating said optical signals and 

said recovered clock pulses by each other. 
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